Francisella tularensis is a Gram-negative intracellular coccobacillus and the causative agent of the zoonotic disease tularemia. When compared with other bacterial pathogens, the extremely low infectious dose (<10 CFU), rapid disease progression, and high morbidity and mortality rates suggest that the virulent strains of Francisella encode for novel virulence factors. Surface-exposed molecules, namely outer membrane proteins (OMPs), have been shown to promote bacterial host cell binding, entry, intracellular survival, virulence and immune evasion. The relevance for studying OMPs is further underscored by the fact that they can serve as protective vaccines against a number of bacterial diseases. Whereas OMPs can be extracted from gram-negative bacteria through bulk membrane extraction techniques, including sonication of cells followed by centrifugation and/or detergent extraction, these preparations are often contaminated with periplasmic and/or cytoplasmic (inner) membrane (IM) contaminants. For years, the "gold standard" method for the biochemical and biophysical separation of gram-negative IM and outer membranes (OM) has been to subject bacteria to spheroplasting and osmotic lysis, followed by sucrose density gradient centrifugation. Once layered on a sucrose gradient, OMs can be separated from IMs based on the differences in buoyant densities, believed to be predicated largely on the presence of lipopolysaccharide (LPS) in the OM. Here, we describe a rigorous and optimized method to extract, enrich, and isolate F. tularensis outer membranes and their associated OMPs.
3. Carefully remove the media supernatant from each centrifuge bottle and firmly tap the bottles on absorbent material to remove excess growth medium. 4. Within 10 min following completion of centrifugation, suspend each bacterial pellet in 8.75 ml of 0.75 M sucrose (in 5 mM Tris, pH 7.5). All four bacterial pellets should be suspended and transferred (35 ml total of bacterial suspension) to a sterile 250-ml flask (with a small stirbar) within 10 min. 5. While gently mixing the cell suspension on a stirplate, slowly add 70 ml (2 volumes) of 10 mM disodium EDTA (in 5 mM Tris, pH 7.8) over the course of 10 min. Add the EDTA solution with the tip of pipette below the cell suspension level to avoid elevated local concentrations of EDTA. The stirbar should be rotating at a rate sufficient to thoroughly mix the cell suspension but not fast enough to cause frothing or bubble formation. After the EDTA solution has been added, incubate the solution for 30 min at room temperature. 6. After the 30 min incubation, slowly add 11 ml (1/10 th volume) of a 2 mg/ml lysozyme solution to a final concentration of 200 μg/ml. Continue to mix the cell suspension during the lysozyme solution addition. As noted above, add the lysozyme solution with the pipette tip below the cell suspension fluid level to avoid elevated local concentrations of lysozyme. Stock lysozyme solutions (2 mg/ml) can be prepared in single-use aliquots and stored at -20°C for three to four months. Incubate the resulting solution for 30 min at room temperature. 7. During the 30 min incubation, prepare a sterile 1L flask with a small stirbar and 530 ml of room temperature Cellgro Molecular Grade dH 2 O (4.5 volumes). 8. Osmotically lyse the cell suspension (from Step 6) by slow dilution (flow rate of approximately 11 ml/min) into 530 ml of Molecular Grade dH 2 O (from Step 7) over the course of 10 to 15 min with gentle mixing. Because of the larger solution volume in this step, increase the stirbar speed to ensure proper mixing. The stirbar should be rotating at a rate sufficient to thoroughly disperse the cell suspension once added to the dH 2 O but not fast enough to lead to frothing or bubble formation. Add the cell suspension with the tip of pipette resting on the bottom of the flask, adjacent to the stirbar, to facilitate uniform dilution of the cell suspension. We have found that 25-ml pipettes work best during this step. Carefully monitor the dilution process and interrupt the flow rate as necessary to disperse local accumulations of cells, cell clumps, and cell wisps. Incubate the resulting solution for 30 min at room temperature. Note that this step appears to be one of the most challenging and critical for overall success of the experiment. 9. After the 30 min incubation, transfer 40 ml aliquots of the osmotic lysis solution into 50-ml conical tubes and centrifuge at 7500 x g for 30 min at 10°C to remove intact cells and debris. 10. Following centrifugation, carefully remove 27 to 30 ml of supernatant from each conical tube and pool supernatants in a sterile 1L flask 11. Transfer 25 ml of pooled supernatant, each, into 16 ultracentrifuge tubes and centrifuge at 200,000 x g (44,400 rpm in F50L-8x39 FiberLite ultracentrifuge rotor) for 2 h at 4°C. Note that each rotor holds 8 tubes, so this step requires two rotors and two ultracentrifuges. Alternatively, the second set of 8 tubes should be held at 4°C until centrifuged. 12. Within 10 min of the completion of the ultracentrifuge run, prepare modified membrane resuspension buffer. Transfer 8 ml of membrane suspension buffer (25% [wt/wt] sucrose, 5 mM Tris, 30 mM MgCl 2 ) to a sterile tube and add 1 tablet of EDTA-free protease inhibitor cocktail and 375 U of Benzonase. Gently mix solution to dissolve protease inhibitor tablet. 13. Following ultracentrifugation, carefully pour off supernatants, invert ultracentrifuge tubes on absorbent material, and firmly tap tubes to remove excess supernatant. Mark the location of each membrane pellet with a marker to aid in visualization. Gently resuspend eight membrane pellets with 600 μl each of modified membrane resuspension buffer. Transfer each membrane resuspension to the next set of eight tubes, gently resuspend these eight pellets, and pool the resulting membrane resuspensions in a sterile tube. The pelleted membranes are difficult to resuspend, so continue passing the modified membrane resuspension buffer over the pellet until it peels away from the wall of the tube. It is often necessary to use the micropipette tip to scrape the membrane pellet off the tube wall and aid in the resuspension process. When pipetting, avoid frothing or bubble formation. Note that this step appears to be one of the most challenging and critical for overall success of the experiment. 14. When the membrane pellets have been resuspended and removed from all 16 tubes, wash every four tubes with 600 μl of modified membrane resuspension buffer. The wash should be focused around the marked area (membrane pellet) of each tube. Transfer the wash into the membrane resuspension tube. Repeat the wash step for the remaining three sets of four tubes. 15. Incubate the membrane resuspension with gentle rocking for 30 min at room temperature to degrade DNA and aid in reduction of flocculent material. 16. Remove a small aliquot of the membrane suspension and perform protein quantification to determine total membrane yield. We typically prepare undiluted, 1:1 diluted (in 2.5% SDS), and 1:3 diluted (in 2.5% SDS) membrane samples, heat the samples at 90°C for 10 min, and use the BioRad DC Protein Assay to quantify the membrane resuspension protein concentration. Total protein yield is generally between 1.0 mg/ml and 1.6 mg/ml. The use of heat and SDS are required to release OMPs from the extracted membranes so that a more accurate protein quantification value can be obtained. 17. Prepare linear sucrose gradients by layering 1.8 ml each of sucrose solutions (wt/wt, prepared in 5 mM EDTA, pH 7.5) into 14 x 95 mm UltraClear ultracentrifuge tubes in the following order: 55%, 50%, 45%, 40%, 35%, 30%. Layering of sucrose gradients is easiest to perform when using a bulb pipettor, not an automated pipettor. 18. Based on the membrane resuspension protein quantification (Step 16), layer 1.5 mg of membrane resuspension on top of each gradient.
Each 14 x 95 mm ultracentrifuge tube has a maximum capacity of 12.5 ml and, given that 10.8 ml is accounted for by the sucrose solutions from
Step 17, you should not load more than 1.7 ml of membrane resuspension per gradient. Individually weigh and carefully adjust the final weight of each sucrose gradient tube (by adding or removing membrane resuspension) so that all tubes weigh the same (± 0.01 g). 19. Transfer sucrose gradients into a SW-40Ti swinging bucket rotor and centrifuge at 256,000 x g (38,000 rpm) for a minimum of 17 h at 4°C. 
Discussion
This protocol describes a variation of the spheroplasting, osmotic lysis, and sucrose density gradient centrifugation "gold standard" for the physical separation and enrichment of Gram-negative bacterial OMs from other cellular components 2, 3, 4 . Whereas we previously described the application of this method for isolating OMs from both Type A and Type B strains of F. tularensis 5 , this presentation offers a more detailed and optimized procedure for OM isolation. Indeed, this is an important advance for identifying potentially surface-exposed and presumptive virulence factors from this deadly pathogen. The significance of this procedure was demonstrated in studies by our lab showing that immunization of mice with purified OMPs afforded substantial protection against virulent Type A F. tularensis pulmonary challenge 6 . As noted above, growth phase of the bacterial cells, careful monitoring during osmotic lysis, and gentle resuspension of membrane pellets are critical steps that appear to correlate with success/failure of this membrane separation procedure. While this optimized method is rigorous and subject to some experimental variability, the resulting OMs appear to be of remarkably enhanced purity as compared to those garnered from the use of detergents, lithium chloride, or sodium carbonate 7, 8, 9, 10, 11, 12 .
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